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A genetic regulatory circuit recently described in the
bacterium Caulobacter crescentus generates
reciprocal oscillations in the abundance of two key
transcription factors to control landmark events in
the cell cycle.
Proliferating cells progress through the cell cycle in
orderly fashion, carefully regulating the production,
activity and placement of proteins involved in critical
processes such as chromosome replication and
segregation, organelle development and cell division.
Decades of work on the eukaryotic cell cycle,
motivated by obvious implications for understanding
both cancer and embryonic development, has yielded
profound insights into its basic regulatory circuitry [1].
Our understanding of the prokaryotic cell cycle has
lagged far behind, but work in model systems such as
the dimorphic bacterium Caulobacter crescentus is
unveiling at least some of the regulatory strategies
employed by prokaryotes to guide this essential
process. Most recently, Holtzendorff et al. [2] report
that levels of two Caulobacter transcription factors
oscillate in reciprocal fashion over the course of the
cell cycle, comprising a regulatory circuit directing
landmark events of the cell cycle.
Caulobacter are aquatic bacteria that progress
through an invariant series of developmental events
each cell cycle [3] (Figure 1A). The ‘swarmer’ cell, a
motile stage equipped to seek out nutrients, is
analogous to the G1 stage of the eukaryotic cell cycle
in that chromosome replication is blocked (Figure 1A).
The eventual transition into S phase — chromosome
replication — is marked by the swarmer cell shedding
its polar flagellum and replacing it with an adhesive
stalk. As the sessile stalked cell elongates, a new
flagellum is synthesized at the unoccupied cell pole.
This event depends on ongoing DNA replication,
through a poorly understood checkpoint mechanism
[4]. Subsequent cell division also depends on comple-
tion of DNA replication and proper segregation of the
daughter chromosomes [4]. 
Until the work of Holtzendorff et al. [2], the CtrA tran-
scription factor was the only known ‘master regulator’
of the Caulobacter cell cycle. CtrA controls initiation of
DNA replication through binding to the origin [5], and
directly controls the expression of at least 95 cell-cycle-
regulated genes involved in diverse processes, includ-
ing cell division, flagellar motility, adhesion and DNA
methylation [6]. CtrA is subject to multiple forms of reg-
ulation. Expression of ctrA is cell-cycle regulated, and
the activity of CtrA depends on its phosphorylation by
cell-cycle-regulated kinases [7]. CtrA activity is also
restricted by temporally and spatially controlled 
proteolysis [7,8].
CtrA-dependent genes represent only a fraction of
the roughly 500 Caulobacter genes whose expression
varies significantly over the course of the cell cycle [9],
suggesting that other major cell-cycle regulators could
be operative. Presuming that such regulators should be
essential for growth of Caulobacter cells, as is the case
with CtrA, Holtzendorff et al. [2] examined mutant
strains with conditionally lethal phenotypes. One muta-
tion that gave rise to such a phenotype lay in a gene
encoding a 25 kDa protein of unknown function. Intrigu-
ingly, levels of this protein — dubbed GcrA, for global
cell-cycle regulator — oscillate out of phase with CtrA
over the course of the cell cycle. CtrA is present in
swarmer cells but removed by proteolysis at the transi-
tion to stalked cells, freeing the replication origin to ini-
tiate DNA synthesis. Transcription of gcrA rises as the
level of CtrA falls, with GcrA protein level peaking early
in S phase; gcrA transcription then declines later in S
phase, as ctrA expression is reactivated (Figure 1).
Controlled depletion of GcrA affects the expression
of 125 genes, including ctrA. (Surprisingly, given the
extent to which GcrA levels fluctuate through the cell
cycle, less than half of these genes also exhibit cell-
cycle-dependent expression patterns.) Many of the
GcrA-responsive genes are involved in DNA metabo-
lism, as might be expected given the association of
GcrA with S phase. GcrA appears to repress expression
of critical replication initiation factors — DnaA, DNA
helicase (dnaB), and primase (dnaG) — but activates
several other genes involved in DNA metabolism:
gyrase subunit A (gyrA), topoisomerase IV (parE), DNA
polymerase III subunits (dnaC and dnaQ), the HU DNA
packaging protein, and the damage response genes
lexA and dinP. Thus, although the ‘GcrA regulon’ is not
a comprehensive set of replication factors (and includes
many genes not obviously involved in DNA metabo-
lism), it seems to be oriented toward supporting repli-
cation progression and chromosome partitioning.
The reciprocal oscillation of CtrA and GcrA protein
levels suggests a potential regulatory circuit. Indeed,
GcrA turns out to be necessary for the activation of one
(P1) of two promoters that drive expression of ctrA
(Figure 1B). The P1 promoter is responsible for initial
expression of CtrA during S phase, priming the stronger,
CtrA-dependent P2 promoter to be activated in a posi-
tive feedback loop [10]. How GcrA affects transcription
is not clear. Holtzendorff et al. [2] show through in vivo
cross-linking and chromatin immunoprecipitation that
GcrA is associated with the promoter regions of several
target genes, including ctrA, though the GcrA sequence
contains no recognizable DNA-binding motifs.
The activity of the ctrA P1 promoter is affected by
DNA methylation, and the timing of activation in vivo
correlates well with the time at which the replication fork
would pass through the ctrA locus to generate 
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hemi-methylated DNA [11]. Dependence of CtrA expres-
sion on the methylation state of its promoter has been
proposed as a timer for late S phase and subsequent
cell cycle events [2,11]. It should be interesting to see if
the binding or activity of GcrA and/or associated factors
at the P1 promoter is methylation-state-dependent. 
A negative feedback loop probably controls gcrA
expression, as CtrA binds directly to the gcrA promoter
in such a way that RNA polymerase binding should be
obstructed. Proteolytic destruction of CtrA at the
swarmer-to-stalked cell transition — and presumably in
the nascent stalked cell at, or prior to, cell division —
presumably reactivates gcrA expression. CtrA degrada-
tion depends on the ClpXP protease [8]; how this is con-
trolled is still a mystery [12]. Degradation of CtrA occurs
first in the stalked compartment of the predivisional cell,
freeing the origin of replication in the nascent stalked
progeny to initiate replication, while maintaining repres-
sion in the swarmer [7]. The Clp protease does not
display obvious temporal or spatial variation, but Ryan
et al. [13] recently showed that CtrA destruction corre-
lates with localization of the protein to the stalked pole,
suggesting the existence of a pole-specific ‘adaptor’
protein triggering CtrA destruction. GcrA appears to be
unstable as well, being essentially absent from the
swarmer after division; how its degradation is controlled
will undoubtedly be a topic for future investigation.
The CtrA/GcrA circuit might be thought of as a
simplified version of the cyclin/cyclin-dependent kinase
(Cdk) system that drives cell-cycle transitions in eukary-
otic systems. When cyclins accumulate, they activate
affiliated Cdks [1]. Phosphorylation by Cdks triggers the
appropriate cell cycle transition by affecting the inter-
actions and activities of the target proteins, which
include transcription factors that alter gene expression
patterns. Cyclin destruction is triggered by ubiquitina-
tion, which is regulated in complex fashion by internal
and external signals [1]. With CtrA/GcrA, cyclical
expression and destruction are imposed directly on the
proteins serving as transcriptional controllers and reg-
ulators of DNA synthesis. It should be emphasized,
though, that even in the bacterial system, kinases still
have crucial regulatory roles, as CtrA must be phos-
phorylated for activity [7]. 
In the context of both cell cycle and circadian
regulation, oscillatory behavior in transcriptional
regulatory networks seems to be fundamental to
biological systems across the domains of life [14,15].
The GcrA/CtrA example now shows that a bacterial cell
can use a relatively simple circuit design to drive pro-
gression through a series of critical cell cycle events. As
we gain insight into the design principles underlying
such circuits, it also becomes clear that complexity
arises from the need to make these circuits responsive
to regulatory input. In the case of the cell cycle, check-
points are employed to ensure that vital processes, such
as chromosome replication, are progressing properly or
have been completed, and additional sensory systems
may monitor metabolite pools, nutrient availability and
environmental parameters. The cell acts as an inte-
grated system, channeling these inputs through kinases
and the proteolytic machinery into the central regulatory
circuit to control the rate of progression through the cell
cycle. We still have far to go to understand these inte-
grated systems, even in the case of a ‘simple’ bacterial
cell, but progress is clearly being made.
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Figure 1. The Caulobacter crescentus cell cycle and the GcrA/CtrA circuit.
(A) The Caulobacter cell cycle, beginning with the motile swarmer cell. Oscillation of CtrA and GcrA protein levels through the cell
cycle is shown underneath [2]. (B) The GcrA/CtrA regulatory circuit. The gcrA and ctrA genes are shown as boxes, with promoters to
the left and small arrows indicating transcription start sites. The GcrA and CtrA protein products are shown in blue and red, respec-
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